An automatic method of measuring the shape of plaster replicas of residual limbs has been developed. This instrument enables the full three-dimensional shape to be digitized and stored on computer. The shape modifications produced by student prosthetists are examined by requesting the computer to draw sections of the unmodified replica with corresponding sections following modification superimposed. This paper reports experiences with the use of this instrument as a teaching aid for student prosthetists.
Introduction
When fitting an amputee with a prosthesis the prosthetist begins by wrapping the individual residual limb with plaster bandages. This wrap is then removed and provides a negative mould which is filled to create a positive plaster replica of the residual limb. The shape of this replica must then be modified by the removal of plaster in areas corresponding to anatomical regions capable of supporting load and by the addition of plaster in others that require relief from pressure. This process of modification is begun during casting when the prosthetist applies pressure to the plaster wrap to distort the shape appropriately.
The larger of the two schools of prosthetics and orthotics in Canada is located at West Park adjacent to our laboratory. We have noted that the most difficult and time consuming task to All correspondence to be addressed to Dr. G . R. Fernie, West Park Research, West Park Hospital, 82 Buttonwood Avenue, Toronto, Ontario, Canada M6M 255. learn in prosthetics is this process of socket fitting. Although the rationale for shape modification is explained to the students in terms of the biomechanical principles involved, the technique is still very much an art and requires considerable practice to develop the necessary craftsmanship. There is no objective means for the student to compare the shape he produces with those produced previously by himself, others, or the instructor.
Several different techniques have been employed to measure the three-dimensional shape of amputation residual limbs. These have included mechanical tracers or followers (Lippert et al, 1982) and various non-contacting optical methods (Herron, 1972) . The possibility of using these techniques for the manufacture and fitting of prosthetic limbs was appreciated over 10 years ago by Foort (1975) . More recently Foort's group has used data derived from a Moire fringe technique as input to a numerically controlled carving machine (Saunders and Vickers, 1983) .
Three years ago a simple system was developed in our laboratory, based on the use of a video camera to view (from an angle) a straight line projected onto an object of interest. The technique of projecting a grid onto an object and viewing it from an angle to determine shape is not new (Frobin and Hierholzer, 1978) . In our system the camera is interfaced directly to a microcomputer with graphics output. The eventual aim of this system is to develop an alternate method of fitting amputees by means of shape sensing and computer assisted modification. This paper reports on our first year's experience with this instrument applied as an educational tool.
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computer to draw sections of the unmodified replica with corresponding sections following modification superimposed.
The shape sensor
A 5mW helium-neon laser reflected from an oscillating mirror projected a crisp vertical line of light onto the object to be measured. This vertical line was viewed from an angle of 40" by a standard video camera. Because of the angular difference the line did not appear to be straight but had curves representative of the shape of the object. The computer interface consisted essentially of a counter that was triggered with the start of each horizontal scan line and which then counted until the edge of the image of the laser line was encountered. A total of 240 numbers, corresponding to the number of horizontal lines used on the video system, were transferred by direct memory access to the microcomputer (HP 9845). The object was rotated continuously and scans were taken at 5" intervals. The 72 sets of data around the object were recorded at a rate of approximately one scan per second. The computer then calculated the real coordinates of the image. The accuracy of the instrument was determined by measuring objects of known dimension. It was found to be better than 1 mm in any direction for a field size appropriate for the measurement of residual limbs. The instrument is shown in Figures 1 and  2. A special jig was used to record the positioning and alignment of the plaster replica in the instrument. This jig enabled plaster replicas to be repositioned in the measurement instrument with the same alignment following shape modification. The shape modifications could then be visualized by requesting the videocamera w Fig. 1 . The principle of operation of the instrument is shown. Light from the laser is reflected by a servo-driven mirror onto the plaster replica. The reflected line of light is viewed by a video camera from an angle of 40 degrees and the image of the line is di itized. The plaster replica is rotated slowly and a vijeoframe is captured every 5 degrees when a signal is received from the optical sensor.
Experiences with the shape sensor in education
A total of 16 first and second year prosthetist students participated in trials with the instrument during the first year and each student completed six below-knee amputee fittings. The plaster replicas were measured by the instrument before and after modification for each of the 96 fittings. Vertical cross-sections in the sagittal and coronal plane were plotted together with three transverse cross-sections (Fig. 3) . The proximal transverse cross-section was selected to pass through the centre of the popliteal shelf and the patellar tendon bar. The distal transverse cross-sections were parallel to the plane of the proximal cross-section and were spaced at 5 cm intervals.
Two examples of results found helpful in explaining aspects of shape modification are presented to illustrate the use of the instrument. Figure 4 shows the middle transverse sections superimposed of two modified casts produced by the same student on two successive occasions. On the first occasion (solid line), examination of the patient's residual limb after wearing the prosthesis indicated that the build-up over the crest of the tibia (area A) was excessive and should have been rounded. This was achieved on the second occasion (dotted line), but this time, excessive lateral pressure resulted from over modification of the lateral aspect (area B). Fig. 2. The plaster casts were introduced into the measurement system through the turntable on the top of the sensor cabinet shown on the left of the photograph. The electronics that controlled the measurement process and interfaced the system to the microcomputer are shown on the right of the photograph. Fig. 3 . An example of the computer printout that was provided to the students.
U I T H H O R I Z O N T A L S E C T I O N S A T S E L E C T E D L E V E L S
A comparison of two saggital sections of modified casts of the same patient taken by two different students is shown in Figure 5 . The dotted line represents a good fitting by a second year student and the solid line shows an early attempt by a first year student. The popliteal shelf (A) was placed too high by the first year student and the cast caused discomfort by being A Fig. 4 . Transverse sections 5 cm below the patellar tendon bar, showing two attempts by the same student. "A" indicates an area of excessive relief over the tibia in the first attempt (solid line) and "B" indicates excessive compression laterally on the second attempt (dotted line). too tight overall distally, with inadequate relief over the crest of the tibia.
Discussion
At the beginning of the academic year the lecturers were unfamiliar with the crosssectional views obtained by this instrument and initially did not appreciate many of the subtleties of shape that were learned by the end of the study period. It was therefore a learning process for both faculty and students. The value of the computer printouts appeared to increase as the study progressed. The pictures provided an opportunity for the students and lecturers to discuss and record errors and possible remedial action. Considerable interest was generated by the project and the students were always very anxious to view the output of their shapes.
Even though the patients often experienced no obvious discomfort when two successive fittings were found to differ significantly it would be unfair to conclude that such large dimensional tolerances as were frequently seen are acceptable. It is planned to apply shape sensing to casts modified by expert prosthetists and worn by the patients for longer periods of time than are possible in the educational setting. Problems with socket fit often take a wearing time of several days before they are manifest. It is hoped that this research activity will lead to quantitative data on desirable characteristics of socket shape and acceptable tolerances on dimension. quantitative data is available, computerized shape sensing will provide a more thorough possible with the present brief trial on a patient.
